ZnO nanowires and nanobelts are two representatives of one-dimensional semiconductor nanomaterials possessing potential applications as optoelectronic and sensor devices. In this study, we applied a vapour-transport-deposition method to synthesize both types of nanostructures using relatively low temperatures (860 • C) by controlling the source materials. We found that the resulting product under similar growth conditions can be switched between [0001]-axial nanowires and 1120 -axial nanobelts simply by adding indium to the source. The former appear as ordered vertical arrays of pure ZnO while the latter are belts without spatial ordering. Both represent defect-free single crystals grown via the vapour-liquid-solid mechanism using nanosphere lithography-fabricated catalyst Au templates. Examination of the early growth stage suggests that the dissolution of In into Au influences the nucleation of ZnO at the solid-liquid interface, and subsequently defines the structure and crystallographic orientation of the nanobelts. The optical properties of both nanostructures are studied by photoluminescence and resonant Raman scattering, which indicate consistently that the doped nanobelts have a higher carrier concentration than the nanowires.
Introduction
Since the pioneering work on ZnO nanowires by the Yang group [1] and on semiconducting metal oxide (including ZnO) nanobelts by the Wang group [2] , the synthesis of one- 4 Author to whom any correspondence should be addressed. dimensional (1D) nanostructures has been further developed using various techniques. Much effort is being paid to in situ control of the structure, morphology, position, and composition of nanomaterials during the growth. In the case of ZnO 1D nanostructures, a nanowire generally refers to a structure elongated in the [0001] direction (namely, c-axial) with a quasi-hexagonal cross section, in accordance with the growth habit of wurtzite ZnO crystals. Nanobelts mainly refer to a growth elongated in 1120 (a-axial) or 1010 (m-axial) directions with rectangular cross sections [2, 3] . Applications of ZnO 1D nanostructures in different fields require different structure and orientations, and hence a desire for growth control.
Vapour-transport deposition (VTD) inside a horizontal tube furnace is a common method for the growth of lowdimensional nanostructures. Growth of needle-shaped ZnO whiskers was demonstrated as early as 1974 using a VTD method [4] . In recent years, a wide range of 1D semiconductor nanostructures including ZnO have been fabricated with this technique (see reviews in [5] [6] [7] ). A successful growth is known to be sensitively dependent on such parameters like source type, substrate orientation, temperature, partial pressure of reactants, and catalyst size [8] [9] [10] [11] [12] [13] . Such dependence not only enables the manipulation of 1D ZnO nanomaterial growth by choosing appropriate conditions to influence the growth kinetics or thermodynamics [12, 13] , but is also useful in understanding the growth mechanism of nanocrystals.
Similarly, it has been demonstrated by a number of groups that the morphology and composition of other non-ZnO nanomaterials, such as Si, Ge and their oxides [14] [15] [16] , ZnS [17] , and Al 2 O 3 [18] , are also strongly sensitive to the reaction temperature and substrate position in the VTD growth setup.
On the other hand, despite the large variety of the fabrication methods for ZnO 1D nanomaterial, the synthesizing conditions differ from system to system and from group to group, and correspondingly, so do the growth mechanisms discussed. For example, ZnO nanowires/nanoneedles can be obtained from evaporation and oxidation of Zn [10, 19, 20] , ZnAs 2 [21] , and ZnCl 2 [22] at low temperatures (<600
• C), and also by carbothermal reduction of ZnO powder at temperatures of 800-950
• C [9, 11, 12] . The latter technique allows a better control of Zn vapour concentration which is important when a patterned growth is concerned [9, 23] . In most cases, the morphology, size and alignment of the ZnO nanowires vary greatly with the reaction temperature [10, 24, 25] , but in different degrees for different synthesizing configurations. Nanobelts are generally grown by high temperature (>1000
• C) evaporation of ZnO powder in the Wang group [8] . But the use of other sources in various temperature environments for the growth of belt-like structures have also been reported [24, [26] [27] [28] [29] . In addition, when impurities are mixed into the source material during the VTD growth, more complex ZnO structures can be developed, for instance, nanohelix [30] , nanorings [31] , bridges [32] , propellers [25] , and nail-wire nanojunctions [33] , depending significantly on temperature and amount of impurities used. Overall, the experimental conditions reported for the growth of ZnO 1D nanostructures are rather diverse and in some cases are discussed with inconsistent growth mechanisms.
In this paper, we demonstrate that, during the VTD growth of ZnO 1D nanostructures, the resulting product can be reproducibly switched from [0001]-axial nanowires to Indoped 1120 -axial nanobelts by adopting different types of sources while keeping all other conditions constant. We will show early growth stages, which proves that the nucleation and crystallization behaviours are different at such early stages. The influence of the possible presence of an In-ZnAu ternary alloy phase at the beginning will be discussed. The optical properties are investigated using photoluminescence and resonant Raman scattering and they are discussed in a comparison.
Experimental details

Template fabrication
Au dot templates on GaN(0001)/Si (grown by metal organic vapour phase epitaxy) substrates were fabricated through a modified nanosphere lithography (NSL) technique [34] . First, Si substrates were cleaned by immersing in H 2 O/NH 4 OH/H 2 O 2 (5:1:1 at 80
• C for 15 min). Then suspensions of monodisperse spherical polystyrene particles (10 wt% in water, diameter 508 nm, Microparticles GmbH, Berlin, Germany), further diluted with equal amounts of methanol containing 0.25% Triton x-100, were spin coated onto the Si substrates. The spin speed was adjusted so that mainly hexagonally closed packed bilayers of the spheres were formed on the Si substrate. Second, in order for stabilization of the particle mask a ≈50 nm thick Au film was deposited by thermal evaporation on top of the bilayers. Next, the Si substrates were slowly immersed into deionized water to separate the stabilized particle mask. The membranes were then transferred onto the surface of GaN by immersing the substrate into the solution and lifting up the substrate together with the membrane. Subsequently, a thin gold film (≈1.5 nm) was deposited onto the substrates through the membrane masks. Finally, the masks were removed by dissolution in CH 2 Cl 2 in an ultrasonic bath for 2 min, leaving the gold nanodiscs, ∼30 nm in average size, on the substrate surface.
Growth of nanowires and nanobelts
Growth of ZnO nanostructures was conducted inside a double tube furnace system through the VTD method (see figure 1) . The growth system comprises a standard quartz tube furnace (Carbolite, inner tube diameter: 50 mm), vacuum adaptors, a gas flow controller, an oil-free pump station, and a needle valve. In order to obtain a sufficient Zn vapour pressure, the source materials and substrates were put in a small alumina tube (inner diameter: 15 mm). For the growth of epitaxial nanowire arrays, a mixture of ZnO + C powder (1:1 wt%) was used as source and located at position A in figure 1 (referred to as the 'A' experiment). For the growth of nanobelts, an additional alumina boat filled with In 2 O 3 + C powder (1:1 wt%) was put at position B (referred to as the 'A + B' experiment). The Au coated GaN/Si substrates were located near the open end of the small alumina tube. A constant Ar gas flow (25 sccm) was directed into the small reaction tube by another small alumina tube. No additional O 2 gas was introduced since the residual/leaky air in our setup, with a partial pressure of ∼10 −3 mbar, provides sufficient oxygen from thermodynamics point of view, in agreement with the conclusion by Park et al [13] . Indeed, when we mixed additional oxygen (1%) into the pure Ar, the ZnO reduction was significantly suppressed and no growth of nanowire was observed. The system was kept at the peak temperature for 25 min, and then cooled down naturally to room temperature. Figure 1(b) shows the temperature profile of the furnace which is 860
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• C at the centre and 650
• C at the substrate position. Note that we previously used a modified setup, which is a vapour-diffusion-deposition process, to grow ordered arrays of ZnO nanowires [23] and submicron-thick pillars on GaN/Si substrates [35] .
Characterizations
The structure and composition of the nanostructures were investigated using scanning electron microscopy (SEM, JEOL JSM-6300F), transmission electron microscopy (TEM, Philip CM20T), and high resolution TEM (HRTEM, JEOL JEM-4010).
The selected area electron diffraction patterns (SAEDs) and energy dispersive x-ray (EDX) spectra were obtained using a Philips CM20FEG TEM. Room temperature photoluminescence was excited by the 325 nm line of a HeCd laser and detected by a nitrogen cooled charge-coupled device (CCD) camera. For the UV resonant Raman scattering, the samples were excited by the 325 nm line of a He-Cd laser and the spectra were collected by a LabRam HR800 UV spectrometer (Horiba Jobin Yvon) equipped with a liquid nitrogen cooled CCD detector (2048 × 512 pixels) and a 2400 grooves mm −1 grating. All spectra were obtained at room temperature in a backscattering geometry with 60 s accumulation and a laser spot size of about 1 µm. sections. However, if both ZnO + C and In 2 O 3 + C were used at position A and B, respectively, the major product was randomly oriented ultralong nanobelts which covered the whole substrate surface evenly. Our analysis shows that the composition of the nanobelts was ZnO doped with indium (the atomic percentage of In, defined as In/(In + Zn), was 4-6 at.%) and the growth was along 1120 directions. A detailed comparison is presented in table 1. We repeated the experiments more than ten times and found that it is a reproducible phenomenon. At least two conclusions can be drawn from table 1: first, vertical aligned ZnO nanowires within long-range ordering can be easily realized by combining catalyst templates and the VTD technique, and we established a new method for growing 1120 -axial ZnO nanobelts at relatively low source temperatures of 860
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• C compared to 1300-1400
• C used in the Wang group [3] ; second, the sharp difference between the results of the 'A' and 'A + B' experiments implies that indium plays the major role in defining the crystallographic orientation of the nanobelts, in addition to providing the dopant. In the following we examine the two structures in more detail. to be present on a large scale for both cases. A single wire grows mainly from each Au site. Some stripes and empty sites are present in analogy to defects in a crystal lattice; these are mainly due to the size inhomogeneity and evaporation of the polystyrene spheres. But this shortcoming is surely improvable by upgrading the NSL technique, as demonstrated by other groups [36, 37] . The hexagonal ends of the wires (see insets) indicate that their main axis is along [0001] . The mean diameter of the ordered nanowires is ∼50 nm in figures 2(a), (b) and ∼140 nm in figures 2(c), (d) (wires growing from Au stripes were not counted). The nanowires are completely perpendicular to the GaN surface, as expected for epitaxial growth. As proved before [23, 38] , the GaN(0001) layers are ideal substrates for the fabrication of highly ordered c-axial ZnO nanowires.
[0001]-axial nanowires
Some reports have been published on the NSL approach for the growth of hexagonal-patterned ZnO nanowire arrays on a-plane sapphire [36, 37, 39] , which all show additional inclined wires. Here, we applied the NSL technique on GaN substrates to achieve ordered arrays of individual nanowires with a truly vertical alignment. In our experiments, the use of the small tube and relatively low substrate temperatures is the key to the successful growth of arrays of single nanowires at individual Au sites. The small alumina tube works as a spatial confinement to maintain a sufficiently high local vapour concentration near the substrates, so that the temperatures could be effectively lowered to reduce the thermal-induced diffusion of the small Au dots ( 30 nm). In this way, the separation of the Au discs into smaller dots [23, 40] can be avoided, and hence, only one wire grows out of the disc.
The single crystallinity and VLS epitaxial growth of the ZnO nanowires were verified by cross-sectional TEM analysis. Au(111) ZnO(0002), can be identified. The roughness of the nanowire surface is no more than four atomic layers of the coverage. The lattice distance for the (0002) plane determined here is 0.52 nm, comparable to that for bulk ZnO.
1120 -axial nanobelts
In 'A + B' experiments, the position of the In 2 O 3 source was carefully chosen, so that on the one hand a small amount of In vapour can be produced while on the other hand the possible formation of ZnO-In 2 O 3 complex superstructures [32] was avoided. Figure 4 shows example SEM images from the results of a number of repeated 'A + B' experiments. The substrate in figures 4(a), (b) was GaN decorated with Au dots via NSL. These nanobelts have a typical length of ∼20 µm after a 25 min growth, nearly ten times longer than the nanowires when only a ZnO source was used. They have widths in the range 100-220 nm. Most of the nanobelts are smooth along their lengths, but a small amount of zigzag nanobelts was also observed. In fact, we realized that the formation of the nanobelts is substrate independent: we found very similar results when using different substrates of Si, SiO 2 , and GaN while under the same growth conditions. Growth of the nanobelts was also catalysed by Au, since no growth was observed at places without Au covering (see figure 4(c) ), and catalyst nanoparticles were indeed observed at the tips of the belts. Unlike the vertical nanowires in figure 2 , the nanobelts cover the whole substrate surface evenly with random orientation. This is unsurprising since the growth direction of the nanobelts is along [1120], so no epitaxial growth is expected on the (0001)-oriented GaN surface. On the other hand, if a substrate with in-plane lattice matching ZnO [0001] and out-plane lattice matching ZnO [1120], e.g., γ -LiAlO 2 (100) [41] , would be used in our 'A + B' experiments, we expect that vertically aligned arrays of a-axial nanobelts might be obtained, similarly to the c-axial nanowire arrays in figure 2 .
A TEM image of three smooth nanobelts is shown in figure 5(a) , from which the thickness is estimated to be about 10 nm. The SAED pattern (inset in figure 5(a) ) confirms that the nanobelts are single crystals growing along 1120 , with ±(0001) top and bottom surface, and ±(0110) side surfaces. The nanobelts grew also via the VLS mechanism, as indicated by the Au tips (inset of figure 5(a) ). EDX spectra ( figure 5(b) ) taken from randomly selected belts show the presence of In, 4-6 at.%, besides the major content of Zn and O, as well as Au near the tip shown in the inset of figure 5(a) . This implies that In atoms are doped within the ZnO nanobelts. The HRTEM image in figure 5(c) shows clearly the smooth and sharp surface, and its single-crystal hexagonal structure. The nanobelts in the present work are free of twins or dislocations, which is consistent with the undoped a-axial ZnO nanobelts reported by Kong and Wang [3] , but different from the nanorings [42] and bicrystal nanobelts [43, 44] in which local segregation of impurity ions induces planar defects. In particular, the atomic percentage of indium in [42] was nearly 50%, much higher than that (4-6%) of the nanobelts herein. This suggests that in our case the In dopant substitutes Zn lattice sites.
As for the zigzag nanobelts, they are also a-axial single crystals. Figure 6 shows TEM images of one zigzag belt. The angles at the kinks are always 120
• (see figures 6(a) and (b)). The corresponding SAED pattern enclosing three kinks confirms the single-crystallinity of the belts (the splitting of the high-index points is due to a bending effect), and the top surfaces of the belts are (0001) planes. HRTEM images show that all the segments grow along the equivalent 1120 directions (see figure 6(c) ), and the atomic structure is coherent at the kinks, where the belts switch to equivalent crystallographic directions without involving twins or stacking faults (see figure 6(d) ). EDX spectra (not shown) indicate that these zigzag belts are also In doped. Interestingly, these zigzag nanobelts are similar in structure and orientations to the 2D ZnO nanodendrites we reported before [45, 46] , which were formed by the oxidation of polyhedral Zn microcrystals in air.
Early growth stage of the nanostructures
Based on the above results, it appears that a switching from c-axial wires to a-axial belts is related to the In doping. In order to prove that, we examined the early growth stages of Figure 7(b) is the result after a 15 min 'A + B' experiment. Nearly no vertically aligned 1D structure was observed. Instead, two-dimensional nucleation seems to be favoured at the beginning, forming quasi-hexagonal pads with much larger size than those pyramids in figure 7(a). Sheetlike structures then extend out either laterally from the sides of the pads, or from the top of the pads (see figure 4(b) ). An example of the embryo of the nanobelts is given in figure 7 (c), which shows clearly the starting point of belt structure from the side of the hexagonal pads. Interestingly, the whole embryo is a single-crystal entity with ±(0001) top and bottom flat faces, as seen from the corresponding diffraction pattern in figure 7(c) as well as from HRTEM examinations (data not shown). The EDX spectrum also reveals the presence of indium in the embryo with a similar atomic percentage as in the nanobelts.
The growth mechanism
For the bottom-up vapour-phase growth of 1D structure of nanomaterials (especially defect-free single crystals), the mostaccepted growth models are VLS and vapour-solid (VS). In VLS, the driving force for the growth is the precipitation and nucleation at the liquid-solid interface, in which the size of the growing 1D structure depends on the composition and size of the liquid droplet. In VS, the 1D growth is mainly controlled by kinetics, for which the temperature and the supersaturation ratio are two dominant processing factors in affecting the morphology of the products [8] . Both mechanisms have been widely suggested for the growth of ZnO nanowires or nanobelts. In our study, since the Au is mandatory for the formation of both nanostructures and a Au tip does appear at their ends, we believe that VLS is the dominant mechanism, as shown schematically in figure 8 . For the vertically aligned wire, the growth seed is a (0001)-oriented ZnO pyramid or hexagonal column which is formed through Zn precipitation and oxidation ( figure 8(a) ). However, the nanobelt starts from the side faces of a hexagonal-shaped seed, and proceeds under the guidance of the alloy tip ( figure 8(b) ).
The question is: why does the structure change from wire in 'A' experiments to belt in 'A + B' experiments? In similar VTD experiments, Jie et al [28] also obtained In-doped ZnO nanobelts by high temperature (1400
• C) evaporation of In 2 O 3 + ZnO powder, and Fang et al [29] grew Sn-doped ZnO nanobelts on a Sn-coated substrate where the ZnO molecules were generated by low temperature (700
• C) evaporating Zn powder in a humid Ar gas flow. It might be inferred from these experiments that the VLS formation of belt-like ZnO nanostructure is related to the element doping. In order for a crystal to switch from one crystallographic structure [47] or orientation [3] to another, a key parameter is the energy difference which determines the growth condition necessary for controlled nucleation and/or growth. As the ZnO(0001) faces are the highest-energy low-index planes (as shown by theoretical calculations [48, 49] ), a fast growth along [0001] is thermodynamically favoured over 1120 , in agreement with the growth habit of ZnO thin films and nanowires. Kong and Wang [3] obtained a-axial ZnO nanobelts by controlling the growth kinetics in a way (thermal evaporation of ZnO powder in vacuum followed by vapour transport) that the energy barrier between the (0001) plane and (1120) planes was somehow overcome. Our study on early growth stages of 1D ZnO nanostructures (figure 7) clearly shows the different nucleation behaviour for c-axial nanowires and a-axial nanobelts. Indium vapour generated by carbothermal reduction of In 2 O 3 [50] can dissolve into Au up to a solubility of ≈24 at.% at about S236 
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• C. Nevertheless, the In content in Au is expected to be much lower than Zn, since the In vapour concentration is much lower than that of Zn (we did not observe any growth in 'B' experiments when only In 2 O 3 + C source was used).
Therefore, we propose that a Au-Zn-In ternary phase gives rise to a certain strain to change the surface free energy, so that the nucleation behaviour of ZnO at the solid-liquid interface upon supersaturation and oxidation of Zn is modified. Such ternary alloy continues at the tip of the nanobelt during its elongation (see figure 8(b) ), so as to maintain a stable beltstructure. As for the kinking of the zigzag belts, it is probably due to some thermal or strain instability at the liquid-solid interface, which can occur without involving much energy since the free energy is the same for the equivalent {1120} planes. Similar kinkings in equivalent lattice planes were also observed in Si nanowires [51] .
Furthermore, as discussed by Jie et al [28] for their Indoped ZnO nanobelts and Kar et al [52] for their nanometreto micrometre-wide ZnS belts, direct impingement of Zn and In vapour atoms onto the side faces of the growing nanobelts could also occur, giving rise to lateral growth in the {1010} faces via the VS mechanism. This explains why some of the nanobelts have widths larger than the catalyst Au tip.
Optical properties
Photoluminescence (PL) and resonant Raman scattering (RRS) measurements were carried out in order to check the optical quality of both nanostructures and the possible effect of indium doping. In order to avoid signals from GaN, the nanowires (50-80 nm in diameter) and nanobelts were grown on SiO 2 -coated Si substrates. Figure 9 shows the room temperature PL spectra for both structures. Examination of different places of the substrate gave consistent spectra. Relatively narrow near bandgap emissions (NBEs) are seen at about 377 nm. The NBE peak of the nanobelts redshifted by about 26 meV (3 nm) relative to the emission of the wires. Such a redshift could be due to optical bandgap narrowing effect caused by impurity-induced potential fluctuations, as previously observed by Kim et al [53] in their optical absorption study of In-doped ZnO film, and Jie et al [28] in the low temperature PL measurement of In-doped ZnO nanobelts. This is reasonable as the indium doping will increase the carrier concentration in the nanobelts compared S237 Figure 8 . Proposed growth processes for the nanowire (a) and nanobelt (b). The main difference is that the nanowire grows upwards on the top (0001) plane of a ZnO columnar/pyramidal nuclei, whereas the nanobelt grows mainly from the side faces of a quasi-hexagonal ZnO:In pad (dimensions not to scale). to the undoped nanowires. Another feature in figure 8 is the broad bands which are dominated by green emissions (500-540 nm) for the wires and yellow emission (580-620 nm) for the belts. As visible emissions in ZnO are usually caused by intrinsic defects (e.g., oxygen deficiencies and interstitials) or impurities, it is suggested that the two structures consist of different types of defects/impurities. As also observed in [28] , the difference in the visible emission centre could be related to the In impurity in the nanobelts.
RRS spectra of both samples were measured at room temperature using a UV micro-Raman spectrometer. As shown in figure 10, Raman peaks due to multi-longitudinal optical (LO) phonon scattering [54] are observed for both structures on the high-energy tail of the PL. For the nanowires the 1LO and 2LO peaks can be seen, centred at 582 and 1158 cm −1 , with bandwidths of ∼12 and 42 cm −1 , respectively. A weak but recognizable 3LO line is also observed. For the nanobelts the first triple-order LO lines clearly appear at 572, 1152, and ≈1730 cm −1 , with bandwidths of ∼38, 80, and 50 cm −1 , respectively. The energies of these multi-LO lines are consistent with previously reported values of bulk ZnO [54] , Figure 10 . Room temperature resonant Raman spectra of the nanowires (lower branch) and In-doped nanobelts (upper branch). The intensity of the spectrum over 1500 cm −1 was multiplied by 0.02 for the nanowire sample. Multi-LO lines are observed on the high energy shoulder of the PL. The unlabelled sharp peaks from the nanobelts are plasma lines. For this measurement both of the nanowires and nanobelts were grown on an SiO 2 layer. thin films [55] and nanowires [56] . According to the Raman selection rules for wurtzite crystals, the LO line could be an A 1 or E 1 mode, whose frequencies are different by ≈10 cm −1 , depending on scattering geometry. In our case, it is not possible to distinguish the A1 mode and E1 mode in the Raman spectra since the random alignment of the wires and belts grown on SiO 2 layers (images not shown) make the samples effectively isotropic.
The intensities of the multi-LO lines of our sample are lower than those of ZnO nanowires by Ng et al [56] . This is probably because our samples, grown at a relatively low temperature, contain a higher density of defects/impurities. Indeed, the PL spectra of our samples show much stronger defect-related visible emissions than those in [55] . The existence of defects in our samples could also account for the significant broadening of the phonon linewidths compared to the theoretical prediction of 9n (cm −1 ) for nLO [54] . In their study of RRS of highly conductive ZnO layers, Zalamai et al [57] showed that the intensity ratio of 3LO to 2LO (I 3LO /I 2LO ) increases with the carrier concentration. In our case, the I 3LO /I 2LO in the nanowires is much lower than that in the nanobelts. This might imply a higher carrier concentration of the former than the latter, as consistent with the PL result in figure 9 .
Conclusion
We demonstrated that, in the vapour-transport-deposition growth of ZnO nanostructures, it is possible to obtain both [0001]-axial nanowires and 1120 -axial nanobelts using similar conditions but different source type. The former appear as ordered vertical arrays of pure ZnO while the latter are In-doped nanobelts without spatial ordering. Both are defect-free single crystals grown via the VLS mechanism using catalyst Au templates. The origin of the switch in structure and orientation from nanowires to nanobelts is not fully understood at the moment. By studying their early growth stage, we proposed that the indium plays the significant role in defining the structure and crystallographic orientation of the nanobelts via influencing the alloying and nucleation at the liquid-solid interface of the growth front. Results of the photoluminescence and resonant Raman scattering imply that the doped nanobelts have a higher carrier concentration than the nanowires, although both contain certain amount of structural defects.
